We describe the application of three-dimensional collagen matrices to the study of nerve cord repair in the leech. Our experiments show that ganglia and connectives of the leech ventral nerve cord can be maintained for up to four weeks embedded in 3D gels constructed from mammalian type 1 collagen. Severed nerve cords embedded in the collagen gel reliably repaired within a few days of culture. The gel was penetrable by cells emigrating from the cut ends of nerves and connectives, and we consistently saw regenerative outgrowth of severed peripheral and central axons into the gel matrix. Thus, 3D gels provide an in itro system in which we can reliably obtain repair of severed nerve cords in the dish, and visualize cell behaviour underlying regenerative growth at the damage site ; and which offers the possibility of manipulating the regenerating cells and their extracellular environment in various ways at stages during repair. Using this system it should be possible to test the effect on the repair process of altering expression of selected genes in identified nerve cells.
INTRODUCTION
The adult mammalian central nervous system has only a limited capacity for repair after damage. Consequently, injury to the spinal cord or brain can result permanently in sensory deficits, in motor deficits, or deficits in higher cortical function. In contrast, the neurones in the central nervous systems of invertebrates, such as the leech, have a striking ability to regenerate their processes and restore function after damage. Experiments on leeches, in the animal, in isolated ganglia and on individual neurones grown in culture, have shown that repair after damage is specific so that neurones become reconnected with a high degree of precision to restore the function that was lost when the damage occurred (Muller et al. 1991 ; Nicholls 1987 ; von Bernhardi & Muller 1995) . We are using the leech nervous system to search for and characterize new genes involved in specific regeneration. In previous work, we have constructed separate cDNA libraries from single identified regenerating and non-regenerating leech neurones (Korneev et al. 1994 (Korneev et al. , 1996 , and have used subtraction hybridization to find both known and novel sequences upregulated in regenerating neurones (Davies et al. 1995) .
In designing experiments to test the function of the novel genes that we have isolated from regenerating leech neurones, we set out to examine the potential for * Author for correspondence : (gbaa08!udcf.gla.ac.uk) growth of leech neurones in a three-dimensional culture system . The two-dimensional culture technique, in which individual adult leech neurones are dissected from the ganglion and grown on an appropriately coated surface in the culture dish, has been used extensively to study neurite outgrowth and synapse formation (see von Bernhardi & Muller (1995) and Fernandez de Miguel & Drapeau (1995) for reviews), and has the advantage of direct access to cell body or growth cones with intracellular or patch electrodes. Three-dimensional culture systems are different, and have different advantages. Collagen, which we have used in these experiments to construct 3D lattices, is a major constituent of the extracellular matrix in mammals and in leeches. It has been used as a substrate for cultured mammalian cells for many decades, and there is an extensive literature describing the effects of collagen substrates on the morphology, migration, adhesion, differentiation and growth of mammalian cells (reviewed in Kleinman et al. (1981) ; Yang & Nandi (1983) ). Collagen lattices are now widely used to reconstruct extracellular matrices since the three-dimensional network of collagen fibres allows 3D growth by cells that is more in i o-like than growth on the two-dimensional surface of a culture dish. In leech, collagen is a main constituent of the capsule that surrounds the ventral nerve cord (Coggeshall & Fawcett 1964) and , being the natural matrix produced by the cells that forms the sheath, it should be an ideal substrate for the cells of the leech nervous system.
Our requirement was for an in itro system in which we could reliably obtain repair of severed nerve cords in the dish, visualize cell behaviour at the damage site, and which offered the possibility of manipulating the regenerating cells and their extracellular environment in various ways at stages during repair. To this end we set out to see whether three-dimensional collagen gels would support the growth of leech neurones and other cell types involved in neuronal repair. Our experiments demonstrate that matrices constructed from mammalian type 1 collagen do support the regenerative growth of central and peripheral leech axons : the gels are penetrable by cells emigrating from the cut ends of nerves and connectives, as well as by regenerating axons, and severed nerve cords in a collagen gel repair within a few days of culture.
MATERIALS AND METHODS
Mammalian type 1 collagen was prepared as an acid extract of tendons from rats tails. Individual tendons were pulled out of the tendon sheaths of six frozen rats' tails using artery clamps. The method used for preparing the 3D gels was based on that of Guthrie & Lumsden (1994) for culture of vertebrate neural tissue. The tendons were extracted with 0.5 N acetic acid for 2 d at 4 mC ; the collagen solution in acetic acid was centrifuged at the same temperature ; the supernatant was dialysed against 1\10 Leibovitz 15 culture medium at pH 4.0, and the collagen was stored at 4 mC. For the cultures, whole ganglia, pairs of ganglia, or segments of connectives were dissected from the leech and held in L15 culture medium. The concentrated collagen solution in 1\10 L15 was held on ice. Since leeches are cold-blooded, the final composition and pH of the collagen was adjusted to give a gel that sets at room temperature rather than the 37 mC required for mammalian cell culture. A suitable mix was found to be 1 ml collagen solution in 1\10 L15j0.2 ml X5 L15, which gave sufficient collagen for four wells. Sodium bicarbonate solution (7.5 %) was added to adjust the mix to pH 7.4, as judged by the pale pink\straw colour, and the resulting diluted collagen pipetted into four-well Nunc plates. With these conditions, the gel set at room temperature in approximately 20 min, giving sufficient time for the dissected ganglia or pieces of nerve cord to be positioned within the gel. Once the collagen matrix had formed around the tissue, L15 culture medium with glucose and antibiotics was added to the wells and the cultures were kept at temperatures between 15 and 20 mC.
(a) Rhodamine-phalloidin staining
Collagen gels with embedded ganglia were lifted from the culture wells using the blunt end of a spatula. They were fixed in 4 % formaldehyde in phosphate buffer (PB) for 1.5 h, washed for 2.5 h in several changes of PB containing 1 % Triton X-100, stained for 1.5 h by addition of Rhodaminephalloidin to the PB to make a final concentration of 1 µg ml −" in TritonX-100 , washed in PB, mounted in 50 : 50 glycerol : phosphate buffer and viewed using a Nikon Optiphot-II microscope.
RESULTS AND DISCUSSION
Single ganglia, chains of ganglia, and isolated lengths of connective (i.e. axon tracts with associated glial cells but no nerve cell bodies ) were maintained in 3D collagen gels for up to four weeks without contraction of the gels. An early regenerative response was the migration of cells into the gel matrix from the cut ends of nerve roots and from the connectives (figure 1).
Such emigrations were seen within 24 h of plating the ganglia and connectives, and usually preceded neurite outgrowth. Movements of cells into the gel matrix were also seen from the ends of pieces of connective isolated from the ganglion (see later). In some cultures the migrating cells developed a stellate morphology and their processes contacted each other as well as the growing neurites. Previous experiments in vertebrate motoneurone\macrophage cultures have shown a relationship between migrating cells and axon outgrowth, where motoneurone processes elongate in association with migrating macrophages, and the association promotes contact with other motoneurones and the formation of networks (Stolz et al. 1991) . In the present experiments on the leech nerve cord, the migrating cells are likely to be microglial cells, since previous experiments in leeches have shown that microglia in i o and in itro migrate towards the site of injury, and express laminin at the lesion site (Morgese et al. 1983 ; Masuda-Nakagawa et al. 1990 ; Luebke et al. 1995 ; von Berhardi & Muller 1995) .
Regenerative growth of axons into the gel from the cut ends of segmental nerve roots, and from the paired connectives that in the animal link the ganglia of the er e cord repair in 3D gels S. E. Blackshaw and others ventral nerve cord, was consistently seen within 2-3 days of culture. Regenerating fibres could be visualized within the gel by phase contrast microscopy and monitored over successive days. Figure 2 shows typical examples of nerve fibre outgrowth from connectives and from segmental nerve roots, as well as from isolated pieces of connective, and in co-cultures of ganglia with target tissue. In some preparations, the massed fibres growing out from the paired connectives of the ventral nerve cord projected in parallel arrays ( figure 2 a) , resembling the projection of axons within the connectives seen in i o. In other preparations, where connectives were cut close to the ganglion, the regenerative growth was different in character and more closely resembled the branching varicose growth patterns of neurones normally seen within the neuropile of the ganglion (Muller & MacMahan 1976) . Other preparations showed apparent fasciculation of fibres growing out into the gel ( figure 2 b) . Techniques for rhodamine-phalloidin staining of F-actin were adapted successfully to tissue embedded in gels, and used to visualize growth cones as well as muscle fibres lying within the connective tissue sheath surrounding the ventral nerve cord ( figure  2 d) .
In some experiments, cut nerves or connectives were positioned within the gel adjacent to target tissue, in some cases the normal target of the regenerating neurones, in some cases not. Figure 2 c shows an experiment in which a ganglion with shortened connectives was placed adjacent to a severed ganglion and the severed end of a nerve root (not the normal target). Outgrowth from the connectives is directed towards, and appears to make contact with, cells on the exposed surface of the ganglion as well as with the severed end of the nerve root.
A striking finding was that sprouting of neurites was seen from pieces of connective severed from the ganglia and placed in isolation in a gel ( figures 2 d and 3) . Axons within these connective pieces are separate from the cell bodies in the ganglion. Outgrowth occurred from both ends of such pieces of connectives (see also Mason & Muller 1981) . The finding that axon segments isolated from the cell body can initiate growth is relevant to a consideration of the molecular basis of neural repair, since it suggests that at least some of the early events in the repair process can be controlled locally within the axon and do not require the neurone cell body and gene transcription.
When paired connectives between two adjacent ganglia were completely or partially severed, or when two ganglia with shortened connectives were apposed, repair occurred within the gel in such a way that the gap between the cut ends was bridged within 2-7 d in er e cord repair in 3D gels culture (figure 4). Cells migrating from the cut end of the connective appeared to contribute to the repair process. In some preparations it was possible to distinguish individual neurites entering the gap, though in most preparations the impression was more of the damage site becoming gradually filled with cells without being able to distinguish neurites from other cell types.
CONCLUDING REMARKS
In summary, our studies show that 3D collagen gels provide an in itro system for leech central nervous systems, in which severed connectives of the ventral nerve cord repair within a few days of culture, and in which we can monitor the behaviour of neurones and other cell types at the site of injury. We consistently see cell migration from the damaged nerve cord into the gel, and the three-dimensional growth of the axons regenerating inside the gel matrix appears more in i olike than growth on the two-dimensional surface of a culture dish. The collagen gel cultures are stable, nerve cord and target tissue can be aligned and held in position without the need to pin tissue, and exogenous substances such as growth factors or antisense molecules can be incorporated into the gel or added to the overlying medium without disrupting the regenerating fibres. In the majority of our experiments we have constructed the matrix using collagen alone. We are currently investigating the effect on repair of more complex matrices created by incorporating other proteins such as laminin and fibronectin into the collagen gel, as well as the effect of magnetically er e cord repair in 3D gels S. E. Blackshaw and others aligning the collagen fibrils within the gel. Perhaps the principle advantage that the three-dimensional culture system offers over ganglion culture in a fluid environment is the ability to monitor the cellular events of the repair of cut ends in culture ; the ability to visualize the behaviour of populations of axons regenerating into the gel alongside their normal neighbours , and to manipulate the three-dimensional environment. Our long term aim is to assess the function of regeneration-specific genes in in itro systems. Using 3D gels it should be possible to study the effect on the repair process of manipulating expression of a chosen gene.
